Pressure influences echo intensities from fish through changes in swimbladder volumes and surface areas. Volume reduction is expected to correspond to Boyle's law (volume a pressure
Introduction
All gas-filled swimbladders react to pressure changes. For any closed chamber, Boyle's law states that at a constant temperature, volume is proportional to the inverse of pressure. Among physoclist fish, the volume of a swimbladder is altered by the addition or removal of gas, and if at constant depth, active pumping replaces gas lost by diffusion (Harden Jones and Scholes, 1985) . Changes in gas volume, gonad production, or gut contents (Ona, 1990) alter swimbladder shape and may change the acoustic reflectivity (i.e. target strength, TS) of a fish.
Neutral buoyancy at depth is an assumed equilibrium state. Among species that undergo vertical migrations, it has been shown that neutral buoyancy only occurs at the upper limit of the vertical range (Harden Jones and Scholes, 1985) . Theoretical (Strand et al., 2005) and empirical (cf. Table 6 of Blaxter and Batty, 1990 ) energetic studies show that multiple mechanisms, such as compensatory swimming and pitch adjustments, enable fish to maintain depth below the upper migratory limit (Harden Jones and Scholes, 1985) .
Few studies have examined swimbladder-shape changes as a function of pressure. Dissection has been used to view the swimbladder as pressure increased (Blaxter et al., 1979) , and flash-freezing combined with dissection has been used to image or digitize swimbladders for area and volume estimation (Ona, 1990) . Swimbladder measurements can then be used to model pressure effects on TS (Gorska and Ona, 2003) . Field experiments have measured swimbladder volumes or TS at depth and compared empirical results with those predicted by Boyle's law (Ona, 1990; Mukai and Iida, 1996) . Longitudinal changes in swimbladder shape have not been quantified for individual fish.
To track changes in swimbladder shape, individual fish were placed in a pressure chamber and monitored using in vivo radiography during simulated dives. Indices using elliptical eccentricities were developed to characterize swimbladder shape and to quantify shape differences among individuals. Fish body and swimbladder images at distinct pressures were used to predict the TS at 38 and 120 kHz.
Methods 0-group walleye pollock were caught using setnets near the Usujiri Coastal Laboratory of Hokkaido University and maintained in rearing tanks at the National Research Institute for Fisheries and Engineering, Hasaki, until being radiographed during pressure experiments. The fish used to image swimbladders ranged from 160 to 215 mm in fork length, with corresponding weights ranging from 27.5 to 68 g. Dorsal and lateral radiograph images of walleye pollock were obtained by placing fish in a tank under a digital radiograph system (PROTEST 100, Softex Co. Ltd; Sawada et al., 1999) . The tank was pressurized to a maximum of 9.7 Â10 5 Pa and was fitted with acrylic plates at the top and bottom that were nearly transparent to soft X-rays (Sawada et al., 2002) . Temperature and pressure sensors were attached to the top of the tank to monitor conditions. A piston driven by nitrogen gas, controlled by valves on a supply cylinder, was used to regulate pressure. Pressure within the tank was altered to simulate a dive to 100 m and subsequent ascent in 5 m steps at a rate 1 body length s
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. The pressure was held constant for 2 min at each step. Water pressure, temperature, and salinity were independently monitored using an autonomous CTD (Alec Co. Ltd) inside the tank. Dorsal and lateral radiographs were recorded on digital videotape for each simulated dive. X-ray exposure settings were 59 kV and 2.9 mA.
Fish were anaesthetized before being placed in the tank. In each case, a local anaesthetic, gallamine triethiodide (C 3 OH 6 ON 3 O 3 I 3 ; Sigma) was injected at three spots along the dorsal musculature at a concentration of 100 ml per 5 mg wet weight. The fish bodies were then supported by stainless steel discs (35.9 mm diameter) to maintain position and to provide a reference measurement. A leadlined ruler was also placed in view. Handling time between dorsal and lateral runs was as short as practicable, and the fish were immersed in water continuously, while the water in the pressure tank was drained and replaced between simulated dives.
Time-indexed frames at each pressure step were extracted from digital video to provide images of fish bodies and swimbladders. Dorsal and lateral outlines of bodies and swimbladders were measured and traced for shape characterization and acoustic reflectivity (i.e. backscatter) modelling. Fish body and swimbladder traces were also interpolated to three dimensions and discretized using contiguous ellipses 1 mm thick. To compare swimbladder sizes and shapes through life-history stages, radiographs from 16 0-group, 21 juvenile, and 28 adult, surface-adapted walleye pollock sampled from the Bering Sea, AK, and Puget Sound in WA, USA, were also measured and traced.
For the analysis of swimbladder shape, traces from each fish were rotated to align the major axis horizontally, scaled to a standard length and interpolated using 1500 points. To characterize swimbladder shapes at each life-history stage, the average and standard deviation were calculated at each point around the dorsal and lateral outlines. Eccentricity (E) metrics were derived to examine how shape changed along a swimbladder. E-values of bodies and swimbladders were calculated using the ratios of major and minor axis lengths from the series of elliptical cylinders interpolated from the dorsal and lateral outlines:
where b is the semi-minor axis and a the semi-major axis. E-values range from 0 (a circle) to 1. Increasing E-values indicate a thinner ellipse. To characterize shape changes, a directional component was added to the metric
where r d and r l are the dorsal and lateral radii of a cylinder. 
with component values ranging from 22 to þ2. DDE ¼ 0 indicates that the two ellipses have identical directional eccentricities.
As DDE approaches 22, ellipses in swimbladder #1 compress dorso-ventrally relative to those in swimbladder #2. As DDE approaches 2, ellipse #1 compresses laterally relative to ellipse #2. DDE components larger than 1 or less than 21 indicate large changes in elliptical shape. DE and DDE values were computed for the 0-group, juvenile, and adult walleye pollock and for the three studied fish at each pressure stage. When posterior swimbladder edges were obscured by the spinal column in the dorsal-radiograph image, the length of the swimbladder was determined using the lateral image, and the outlines were cropped at the length where the swimbladder was no longer visible. An additional fish from the Usujiri sample was used to provide representative density and sound-speed measurements. The fish was anaesthetized in a bath of 50 ppt MS222, then dorsally and laterally radiographed to ensure an intact, inflated swimbladder. Fish density was measured using the wet weight and water displacement from a graduated cylinder. Sound speeds within the body at the head, swimbladder, muscle, and gut were measured five times at each location with a calibrated bone densitometer (Furuno, CM-100) using time-of-flight (cf. Abe et al., 2007) .
After completing the pressure runs, TS values of each walleye pollock were measured as a function of tilt-angle at 38 and 120 kHz. The fish were suspended upside down using monofilament lines attached to the mouth and caudal peduncle. The suspension and acoustic systems are described in Sawada et al. (1999) . Dorsal-incidence TS values of each fish at each pressure were predicted using three-dimensional body and swimbladder morphometry and the Kirchhoff-ray mode (KRM) model (Clay and Horne, 1994) at 38 and 120 kHz. Backscatter from the body and swimbladder was estimated separately, then added coherently to estimate TS.
Results
The dorsal swimbladder area as a percentage of fish-body area for the three fish studied at surface pressure ranged from 7 to almost 10% (Figure 1) . These values were smaller than the mean surface-area fraction of the 0-group, surface-adapted walleye pollock sampled from the Bering Sea and Puget Sound, even though the mean length of the studied fish was 4 mm larger. The dorsal swimbladder-area fractions of the juveniles exceeded those of both the 0-group and adult fish.
Average lateral and dorsal swimbladder shapes differed among life-history stages. Prolate-spheroidal shapes of lateral-aspect swimbladders remained consistent as fish grew; with the anteriorventral surface becoming more rounded and the posterior surface becoming more concave (Figure 2a-c) . Standard deviations increased with the life-history stage and from anterior to posterior. Lateral traces of ventral swimbladder surfaces were more variable than those of dorsal surfaces. Average dorsal swimbladder shapes widened at the anterior end as the fish grew, but maintained a hydrofoil shape (Figure 2d-f) . The observed variability of swimbladder shape increased from 0-group to adult and was greatest in the anterior third of the swimbladder.
Mean DE values were positive at each life-history stage and fluctuated along the swimbladder length. DE values above 0.5 indicate that the dorsal radius is at least 15% larger than the lateral radius. Among the 0-group walleye pollock, anterior mean DE values started near zero, increased to 0.7 through the middle three-quarters of the average swimbladder (i.e. lateral compression), then decreased back to zero (Figure 3a) . Standard deviations were highest at the ends of the swimbladder. Initial values of juvenile DE were higher than those of 0-group fish indicating a compressed anterior region, becoming more circular in the middle (cylinders 300-400), then increased in the posterior quarter of the swimbladder (Figure 3b) . Variability patterns matched those of the 0-group. Adult anterior mean DE values were initially near zero, then increased above 0.5 and remained near 0.6 over the length of the swimbladder (Figure 3c ). The slight increase in DE observed at the posterior end of the juveniles was also present in adults. Standard deviations were highest at the anterior and posterior ends of the adult swimbladders, but were consistently lower between cylinders 300 and 400.
The differential DE (DDE) based on average DE values was used to track changes in swimbladder growth between life-history stages. From 0-group to juveniles (Figure 4a ), anterior portions of the 0-group swimbladders were laterally compressed relative to the juveniles. Growth was proportional in the central region of the swimbladder, followed by dorsal expansion in the posterior end of the 0-group swimbladder. This average pattern was reversed between juvenile and adult swimbladders (Figure 4b ). The mean juvenile swimbladder was dorsally compressed relative to that of the mean adult at both ends of the swimbladder. Growth was proportional in the central third of the swimbladder. Overall, the mean swimbladder-growth pattern from 0-group to adult ( Figure 4c ) was relatively constant, indicating proportional growth along most of the swimbladder. The posterior end of the 0-group swimbladder expanded dorsally more than that of the adults. As a caveat to interpretation, the average DDE by the life-history group may not track the swimbladder-growth trajectories of individual fish.
The location and degree of swimbladder deformation with increasing pressure depended on the pressure step and the individual fish ( Figure 5) . DDE values were not plotted for wpol3 nor wpol6 when the spinal column blocked the dorsal view of the swimbladder ends. The DDE patterns of wpol3 and wpol5 were more similar relative to wpol6 at all pressure differentials using 0 atm (1 atm ¼ 10 5 Pa) as a baseline. DDE values were near zero over the anterior half of the swimbladder in the 0.5 -0 atm plot (Figure 5a ). The anterior half of wpol6 was laterally compressed with an increase of 0.5 atm. Swimbladder-compression patterns diverged among the three fish in the posterior half of the swimbladders, with wpol5 becoming laterally compressed and wpol3 becoming dorsal-ventrally compressed. A similar pattern was observed in DDE values between 2.5 and 0 atm (Figure 5b) , except a lateral compression in the posterior half of wpol3 and a dorsal -ventral compression in the posterior third of wpol6. Patterns observed for each fish at 1.5 atm were repeated at 2.5 atm (Figure 5c ). Edge effects on all three fish were evident at the anterior ends of the swimbladders, because no values were dropped because of swimbladder visibility. Swimbladder shape changed only with wpol6 at 3.5 atm (Figure 5d ). The lateral compression in the anterior half of the swimbladder started earlier and increased in magnitude when compared with that at 2.5 atm.
Although non-monotonic changes in swimbladder shape were observed with increasing pressure, dorsal swimbladder areas (DSA) generally decreased under pressure (Figure 6 ). Linear regressions of DSA against pressure showed that the three slopes (wpol3: 251.7, wpol5: 238.4, wpol6: 262.3) did not differ significantly (p ¼ 0.49); the intercepts ranged from 280 to 550 mm 2 . As a comparison, intercepts from the 0-group DSA averaged 369 mm 2 with a range of 129-831 mm 2 . The swimbladder-volume estimates derived from contiguous cylinders also decreased monotonically with pressure, but were greater than that predicted by Boyle's law for equivalent sizes of free bubbles (Figure 7) . Measured body density and sound speeds were typical of marine fish. The density was 1013 kg m 23 when corrected for a water temperature of 12.68C. Sound speeds differed among measurement sites (Table 1) but were consistent at each site. They were greatest through the body at the swimbladder, followed by the gut, musculature, and head. The sound speed measured in the muscle, 1561.9 m s
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, was used in the KRM modelling.
The KRM model predicted TS as a function of pressure for the three subject fish at 38 and 120 kHz. As expected, TS values decreased as pressure increased. At 38 kHz (Figure 8a ), initial TS values were within 3 dB of each other at 1.96 Â 10 4 Pa pressure, and decreased at most by 4 dB over the 50 Â 10 4 Pa experimental pressure range. A similar pattern was observed for wpol3 and wpol5 at 120 kHz (Figure 8b) . Predicted TS values for wpol6 increased over the pressure range, assumed from the interpolated dorsal-swimbladder tracings. Predicted, 38-kHz TS values ranged from 2.17 (wpol5) to 5.18 (wpol6) dB higher than those measured at dorsal incidence after pressure measurements. The difference between the predicted and observed 120 kHz TS of wpol5 was 0.48 dB. Measured TS values peaked between 28 and 48 headdown. Swimbladder angles of the experimental fish ranged from 2.48 to 4.78 posterior-down relative to the sagittal axis.
Discussion
Swimbladders, do not contract like free gas bubbles, because connections to the spinal column, ribs, and musculature restrict labile surfaces to the ventral side of the swimbladder (Blaxter et al., 1979) . Despite these mechanical constraints, both empirical and theoretical studies have assumed or verified that volume reductions matched those predicted by Boyle's law. Ona (1990) observed that swimbladder volumes conformed to Boyle's law over 10 atm (i.e. surface to 100-m depth) in Atlantic cod (Gadus morhua), and to 25-m depth in adult herring (Clupea harengus). Mukai and co-workers (Mukai et al., 1988; Mukai and Iida, 1996) observed reductions in the TS of kokanee salmon (Oncorhynchus nerka) that also conformed to Boyle's law from the surface to 40-m depth. When modelling TS as a function of depth, Hazen and Horne (2004) found that a dorsal-lateral, swimbladder-compression ratio of 0.9 provided the best match to TS measurements when swimbladder volumes were constrained to those predicted by Boyle's law. Gorska and Ona (2003) also varied swimbladder-compression factors when predicting the TS of herring and found that greater lateral compression improved the match between model predictions and depth-dependent TS observations (cf. Figure 4 in Gorska and Ona, 2003) . The present results indicate that physoclist swimbladders, represented by three juvenile walleye pollock, do not compress isometrically and cannot be characterized using simple geometric forms.
Describing shapes and how they change is not trivial for swimbladders or any other three-dimensional irregular object. Traditional morphometric studies use origins or terminations of hard body parts, such as skeletal elements, as point locations when describing the shapes of fish (e.g. truss analysis; McGlade and Boulding, 1986) . Many image-analysis techniques use a reference shape as a standard geometry and describe object shapes in terms of differences from the standard. Examples of these reference techniques use harmonics (Kazhdan et al., 2003) , Fourier components (Friess et al., 2004) , or wavelets (Davatzikos et al., 2003) . Extensions of this approach are designed to examine differences between shapes (Golland et al., 2001) , but still rely on complex mathematical descriptors. It is not always possible to map the mathematical descriptors that index shape differences directly onto the object being characterized. This indirect mapping reduces the ability to track changes in a shape of interest. The use of contiguous cylinders combined with directional-eccentricity metrics has allowed the tracking of shape changes at any point along the swimbladder at different life-history stages or with changes in pressure. Directional-eccentricity indices are not limited to cylindricalobject representations and could be combined with any other spatially referenced representations of three-dimensional objects such as a grid of nodal points.
The mismatch between swimbladder volumes estimated using contiguous cylinders and those predicted by Boyle's law could be an artefact of the swimbladder representation. The contiguous cylinders were derived from ellipses interpolated from dorsal and lateral swimbladder tracings at a resolution of 1 mm. The volume of the swimbladder is the sum over all the relevant cylinders. If the elliptical interpolation underestimates the cross-sectional area of the swimbladder, then the volume will also be underestimated. In contrast, positive swimbladder-ambient pressure differentials, inferring volumes greater than those of free bubbles, have been documented for physoclists and physostomes (cf. Table 2 of Blaxter and Batty, 1990) .
The impact of different swimbladder shapes on TS measurements depends on the acoustic frequency, incident angle of the beam, and fish orientation. A labile, ventral swimbladder surface will have less effect when individuals are measured at geometric scattering frequencies, than when measurements are made Figure 8 . Predicted TS of the three fish studied (wpol3, wpol5, and wpol6) at (a) 38 kHz, and (b) 120 kHz vs. pressure (Pa Â 10 4 above ambient). Measured mean TS values at 7.2 m deep and dorsal incidence are shown for each fish when available (e.g. Âwpol3).
spanning the resonance region. Among swimbladdered fish, this region typically occurs from hundreds of Hz to a few kHz (Løvik and Hovem, 1979) . Low-frequency sonar systems (Nero et al., 1998; Makris et al., 2006) will be more sensitive to shifts in resonance peaks resulting from changes in swimbladder shape. Pressure-induced changes in the swimbladder shape will amplify TS variability at oblique insonification angles. Multibeam sonars, with angular swaths up to 1808, have a larger range of incident angles than traditional echosounders ( 158), and a corresponding increased variability in angle-dependent TS values. Independent of behaviour, recent studies (Burwen et al., 2007; Henderson et al., 2008) have demonstrated the effects of fish-orientation changes (i.e. pitch, roll, and yaw angles) on TS variability.
Our understanding of how swimbladder shape influences the intensity of reflected sound is not complete. Three-dimensional in situ imaging of swimbladders over a range of depths is difficult, but is the only way to illustrate how swimbladder shapes respond to pressure, to provide anatomically accurate representations for backscatter modelling, and to obtain empirical data to corroborate the secretion of gas into the swimbladder for buoyancy regulation (cf. Strand et al., 2005) . The benefit of in situ swimbladder imaging is increased accuracy and reduced uncertainty in the predictions of backscatter models, in formulae converting acoustic size to organism length, and in fish-abundance estimates. Pressure-induced changes in swimbladder shape have been shown to increase the uncertainty in herring-abundance estimates from 1 to 8% (Løland et al., 2007 ). An equivalent error-budget has not yet been determined for a physoclist. The next logical step is to quantify and predict how asymmetric swimbladder compression affects the TS of physoclistous fish.
